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ABSTRACT. The profile samples prepared by focused ion beam (FIB) in crack 
initiation region (CIR) and fish-eye (FiE) region of failed specimens subjected 
to rotary bending (RB) and ultrasonic axial (UL) fatigue testing with various 
stress ratios (R) were observed by transmission electron microscopy (TEM) 
with selected area electron diffraction (SAD) detection for two high-strength 
steels. The grain size and the thickness of nanograin layer along the crack 
growth path in CIR underneath fine-granular-area (FGA) were measured for 
the cases of R < 0, and a normalized quantity d* based on the detected SAD 
patterns was introduced to quantitatively demonstrate the variation of the 
grain size. The results showed that the nanograin size near the origin (an 
inclusion) of crack initiation is smaller than that away from the inclusion. 
Nevertheless, there was no evidence of grain refinement in CIR for the cases 
of R > 0 and the FiE region outside CIR for either negative or positive stress 
ratio cases, which suggests that the formation of nanograin layer in the FGA 
region is due to the numerous cyclic pressing (NCP) process and the plastic 
deformation ahead of the crack tip may cause certain extent of microstructure 
deformation but is insufficient to form nanograin layer on crack surfaces. 
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INTRODUCTION  
 
atigue failure of engineering materials and structures bearing cyclic loading beyond 107 cycles, i.e. very-high-cycle 
fatigue (VHCF), may still happen in practical industrial applications [1-4]. VHCF behavior has attracted the 
attention of researchers in recent decades due to increasingly realistic requirements and scientific interests [5-9]. At 
present, it has been known that the typical morphology of the internal crack initiation region (CIR) for VHCF of high-
strength steels is a fish-eye (FiE) containing a relatively rough region of fine-granular area (FGA), and it surrounds an 
inclusion which is considered as the origin of the crack initiation [10-13]. In general, FGA is regarded as the characteristic 
region of the internal crack initiation of VHCF due to its stable value of related stress intensity factor range and the 
consumption of the majority of total fatigue life [10,11,14]. 
As one of the most popular and challenging problems in VHCF, the formation mechanism of FGA has been investigated 
widely and deeply in last two decades [15-21]. Sakai et al. [18] examined the microstructure beneath the FGA by 
transmission electron microscopy (TEM). The TEM sample was prepared by focused ion beam (FIB) technique, and their 
results showed that the fine granular layer was observed in FGA region, whereas the fine polygonization was not observed 
in the location away from the FGA surface. Based on this observation, they proposed the model of “formation and 
debonding of fine granular layer” [22]. Similarly, an investigation by Grad et al. [15] reported that an average grain size of 
about 70 nm was observed in FGA for a high-strength steel and proposed an FGA formation mechanism called “local 
grain refinement at the crack tip”. This model was extended very recently by Spriestersbach and Kerscher [23]. The most 
recent investigations by Chai et al. [24,25] also believed that localized plastic deformation would promote the formation of 
FGA. 
It should be noted that only the fully reversed cyclic loading was considered in all above-mentioned investigations, 
meaning the stress ratio of R = ‒1. In order to investigate the formation mechanism of FGA more deeply and 
comprehensively, Hong et al. [16] first performed fatigue tests under different stress ratios via rotary bending (RB) and 
ultrasonic axial (UL) loading for two high-strength steels, then the profile samples were prepared by FIB at the 
characteristic region of crack initiation of failed specimens, and subsequently the microstructure of the samples were 
examined by TEM. Their observations revealed the existence of the thin nanograin layer of FGA under negative stress 
ratios, whereas the morphology of FGA was diminishing or even extinguishing under positive stress ratios without the 
evidence of nanograin feature. Based on such experimental results, a new model named “numerous cyclic pressing 
(NCP)” was proposed to describe the formation processes of FGA. Subsequently, some results obtained by our group on 
structural steels [26] and titanium alloys [27,28] have confirmed the NCP model. Most Recently, numerical and 
experimental results reported by Ritz et al. [29] also validated the NCP model. 
Despite the formation mechanism of FGA has been investigated widely by researchers, the effect of the plastic 
deformation ahead of the crack tip during crack initiation process on the microstructure refinement, and the more detailed 
characteristics of microstructure in CIR and FiE regions, are still not clear at the present time. Therefore, in this paper, 
further investigation was carried out on the microstructure features in the CIR and FiE regions for high-strength steels 
bearing fatigue loading up to very-high-cycle regime. Several profile samples prepared by FIB in CIR and FiE regions 
were examined by TEM with selected area electron diffraction (SAD) detection. The detailed observations indicate that 
the nanograin size near the origin of crack initiation is smaller than that away from the origin for the cases of R < 0, and 
higher compressive stress and longer loading cycles promote the microstructure refinement. Nevertheless, there was no 
evident grain refinement in CIR for the cases of R > 0 and the FiE region outside CIR for either negative or positive R 
cases, suggesting that the formation of nanograins in the FGA region is due to the NCP process and the plastic 
deformation ahead of crack tip may cause certain extent of microstructure deformation but is insufficient to form 
nanograin layer on crack surfaces. 
 
 
TEST MATERIALS AND EXPERIMENTAL PROCEDURE 
 
Test materials 
he test materials utilized in this research were two high-strength steels. For convenience, they were marked as 
material A and material B, respectively. The corresponding chemical compositions are listed in Tab. 1. Two heat-
treatment processes were performed: austenization at 845 ℃ for 2 h in vacuum, oil-quenched then tempered for 2 
h in vacuum at 180 ℃ for the specimens of material A, and austenization at 845 ℃ for 1 h in vacuum, oil-quenched then 
tempered for 2 h in vacuum at 180 ℃ for the specimens of material B. After such heat-treatment processes, identical 
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microstructure of tempered martensite was obtained. Results of monotonic quasi-static tensile and micro-hardness tests 
exhibited their high strength and hardness with the ultimate tensile strength of 1849 MPa and the micro-hardness of 753 
Hv (kgf/mm2) for material A, and the ultimate tensile strength of 1896 MPa and the micro-hardness of 760 Hv 
(kgf/mm2) for material B. 
 
Material C Cr Mn Si S P Fe 
A 1.06 1.04 0.88 0.34 0.005 0.027 Balance 
B 1.04 1.51 0.29 0.24 0.003 0.0058 Balance 
 
Table 1: Chemical compositions (wt. %) of two materials. 
 
Experimental procedure 
Rotary bending and ultrasonic axial loading are commonly used in the VHCF tests of materials. In the previous research 
developed in our group, material A was tested on a rotary bending machine with R = ‒1, and material B was tested on an 
ultrasonic machine (equipped with a tensile facility to superimpose required mean stress) running at the resonant 
frequency of 20 kHz with the stress ratios of R = ‒1, ‒0.5, 0.1 and 0.3. More detailed information concerning the fatigue 
tests was described in [16]. Then the morphology of the fracture surface was observed by scanning electron microscopy 
(SEM), and it was noticed that the failure of every specimen was due to internal cracking originated from an inclusion 
[16]. In addition, for the purpose of investigating the characteristics of microstructure for FGA and FiE on the fracture 
surface, several specimens under various loading conditions were cut by FIB to obtain the profile samples, and their 
relevant data were listed in Tab. 2. Subsequently these samples were carefully examined by TEM, especially near the 
fracture surfaces, and the microstructure details were detected by SAD with an aperture diameter of 200 nm. 
 
Sample Loading condition σa/MPa σmax/MPa σmin/MPa Nf/cycles 
Sampling 
location
A1 RB, R = ‒1 775 775 ‒775 2.40×107 CIR 
A2 RB, R = ‒1 750 750 ‒750 5.08×107 FiE 
B1 UL, R = ‒1 989 989 ‒989 1.11×108 CIR 
B2 UL, R = ‒0.5 633 844 ‒422 4.81×108 CIR 
B3 UL, R = 0.1 534 1187 119 1.84×107 CIR 
B4 UL, R = 0.3 430 1229 368 8.70×108 CIR 
B5 UL, R = 0.3 430 1229 368 8.70×108 FiE 
 
Table 2: Loading conditions and sampling locations of several failed specimens. 
 
 
RESULTS AND DISCUSSION 
 
Microstructural features in CIR for negative stress ratio cases 
t can be seen from Tab. 2 that A1, B1 and B2 samples were cut from CIR of the failed specimens bearing fatigue 
loading with negative stress ratios in VHCF regime. Fig. 1 illustrates the microstructural features of sample A1. It is 
seen from Fig. 1a that the crack initiated from a spherical inclusion then to form an FGA region. The small dashed 
yellow rectangle in Fig. 1a represents the sampling location in the FGA region, and Fig. 1b illustrates the bright field 
imaging (BFI) of sample A1. Figs. 1c and 1d show the SAD patterns at the locations just underneath the FGA surface 
with discontinuous diffraction rings of polycrystals, which suggests that there are several grains within the diffraction area 
of 200 nm in diameter. Figs. 1e and 1f are dark field images (DFI) of the left and right dashed green boxes marked in Fig. 
1b, and the fine granular layer can be clearly observed in both figures. 
Fig. 2 illustrates the microstructural features of sample B1. Similar to the above situation of sample A1, in the failed 
specimen associated with sample B1, the crack also originated from an inclusion to form an FGA region. BFI and DFI of 
the sample, displayed as a small dashed yellow rectangle in Fig. 2a, are presented in Figs. 2b and 2c, respectively. Both BFI 
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and DFI showed that there are many fine grains near the fracture surface. SAD patterns of the left, middle and right 
dashed yellow circles marked in Fig. 2b are illustrated in Figs. 2d-f. All of these three patterns are discontinuous 
diffraction circles, suggesting several grains existing at these different locations. Similar results were obtained for sample 
B2 (as shown in Fig. 3). 
 
  
Figure 1: Microstructural features of sample A1 (RB, R = ‒1, σa = 775 MPa, Nf = 2.40╳107), (a) SEM image of CIR showing the 
sampling location by a marked dashed yellow rectangle; (b) BFI; (c,d) SAD patterns of the left and right dashed yellow circles in (b); 
(e,f) DFI of the left and right dashed green boxes in (b). 
 
  
Figure 2: Microstructural features of sample B1 (UL, R = ‒1, σa = 989 MPa, Nf = 1.11╳108), (a) Origin of crack initiation showing 
clear FGA feature; (b) BFI; (c) DFI; (d-f) SAD patterns of the left, middle and right dashed yellow circles in (b). 
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Figure 3: Microstructural features of sample B2 (UL, R = ‒0.5, σa = 633 MPa, Nf = 4.81╳108), (a) SEM image showing crack origin; (b) 
BFI; (c,d) DFI of the left and right dashed green boxes in (b); (e-g) SAD patterns of the left, middle and right dashed yellow circles in 
(b). 
 
The above experimental results indicate the existence of nanograins in CIR underneath FGA surface for the cases of R = 
‒1 and ‒0.5 under RB and UL loading conditions, confirming that the nature of FGA is a nanograin layer [16]. For the 
detail investigation of the relationship between the grain size and loading conditions, the distribution of grain size in CIR 
underneath FGA surface for samples A1, B1 and B2 was measured and the results are illustrated in Fig. 4. It is seen from 
Fig. 4 that the grain size ranges from 20 nm to 130 nm, and the average equivalent diameters are 54 nm, 48 nm and 73 nm 
for A1, B1 and B2, respectively. Similarly, the distribution of thickness for these nanograin layers along the crack growth 
path was shown in Fig. 5, indicating that the average values of thickness are 315 nm, 435 nm and 386 nm for A1, B1 and 
B2, respectively. Note that the data in Figs. 4 and 5 are largely discrete, which suggests that the grain size and the 
thickness of nanograin layer are affected by cyclic loading condition and the microstructure of the material. 
As an effective method for analyzing the microstructure of materials, SAD technique can be utilized to reveal the essential 
characteristics of the microstructure more objectively. According to the diffraction principle [30], SAD patterns will 
appear as a series of rings if it contains many grains with different orientations within the selected area, and with the 
increase of the number of grains, namely more fine grains, diffraction rings will become more continuous. Therefore, for 
the purpose of quantitatively describing the distribution of grain size under different loading conditions, a normalized 
quantity d* is introduced and expressed as: 
 

0
* ld
l
                                                                                   (1) 
 
where l0 presents the perimeter of a completely continuous diffraction ring associated with a given crystal plane family, 
and l presents total lengths of the ring measured in experiments. 
For this purpose, a number of discontinuous diffraction rings associated with {110} planes for samples A1, B1 and B2 
were measured, and the results described by d* are illustrated in Fig. 6. The value of d* notably decreases along the crack 
growth path, implying that the size of nanograins gradually increases with the propagation of the crack, which may be due 
to gradually-reduced pressing actions. Moreover, the datum points of B1 are evidently higher than those of A1 and B2, 
suggesting that the greater compressive stress and the longer loading cycles may promote the grain refinement. 
 Y. Chang et alii, Frattura ed Integrità Strutturale, 49 (2019) 1-11; DOI: 10.3221/IGF-ESIS.49.01                                                                          
 
6 
 
 
  
Figure 4: Distribution of grain size underneath FGA surface for samples A1, B1 and B2. 
 
  
Figure 5: Thickness of nanograin layer along crack growth path underneath FGA surface for samples A1, B1 and B2. 
 
  
Figure 6: Distribution of normalized quantity d* versus crack growth path for samples A1, B1 and B2. 
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Microstructural features in CIR for positive stress ratio cases 
The above results indicate that the features of nanograins clearly prevailed underneath the fracture surface in the FGA 
region for the cases with negative stress ratios, whereas the microstructural features were not clear for the cases with 
positive stress ratios. It is well known that the plastic deformation occurs at crack tip. Based on the equation proposed by 
Murakami et al. [31]: 
 
   1/2max max=K c area                                                              (2) 
 
and the plastic zone size (rp) at crack tip under plane strain condition [32]: 
 
 
    
2
max
p
y
1
6
Kr                                                                    (3) 
 
the value of Kmax increases with the raise of σmax and crack size, causing the expansion of the plastic zone near the crack 
tip. In order to investigate the effect of the plastic deformation at the crack tip on the microstructure of high-strength 
steels, two profile samples cut in CIR (B3 and B4) with positive stress ratios and two samples cut in FiE (A2 and B5) were 
prepared. The results of the samples cut in CIR are presented in this section, and the results of samples cut in FiE will be 
presented in next section. 
Fig. 7 illustrates the microstructural features of sample B3 (R = 0.1), and the sampling location is denoted by a small 
dashed yellow rectangle shown in Fig. 7a, from which a cluster of inclusions as the origin of crack initiation and the 
diminishing FGA feature can be clearly observed. Fig. 7b presents the whole BFI of sample B3, and the DFI of its local 
location (dashed green box) is illustrated in Fig. 7c, showing that any position on the profile is original martensite 
microstructure, meaning no sign of grain refinement. Fig. 7d shows the SAD pattern of slightly elongated diffraction 
spots, which is the result of localized plastic deformation. Fig. 7e shows the SAD pattern with typical isolated spots, which 
are the normal diffraction of a single crystal, i.e., the original coarse martensite microstructure. Similar observations of 
sample B4 (R = 0.3) are obtained as shown in Fig. 8. 
 
  
Figure 7: Microstructural features of sample B3 (UL, R = 0.1, σa = 534 MPa, Nf = 1.84╳107), (a) SEM image showing crack origin; (b) 
BFI; (c) DFI of the dashed green box in (b); (d,e) SAD patterns of the left and right dashed yellow circles in (b).  
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Figure 8: Microstructural features of sample B4 (UL, R = 0.3, σa = 989 MPa, Nf = 8.70╳108), (a) SEM image showing crack origin; (b) 
BFI; (c) DFI; (d,e) SAD patterns of the left and right dashed yellow circles in (b). 
 
Microstructural features in FiE 
Fish-eye is a typical morphology of VHCF for metallic materials, but the microstructural features in the FiE region were 
not very clear so far. For the purpose of further examination for the microstructure features in FiE, two profile samples 
(A2 and B5) were prepared by FIB cut from the FiE region of failed specimens in VHCF regime under R = ‒1 and 0.3. 
The loading conditions of these two specimens are also listed in Tab. 2. 
Fig. 9 illustrates the microstructural features of sample A2, for which the sampling location (quadrate rabbet) is close to 
the outer boundary of the FiE (Fig. 9a). Fig. 9b presents the whole BFI of A2 and Fig. 9c illustrates the DFI of its local 
field, showing any position on the profile is original martensite microstructure. Fig. 9d shows the SAD pattern with 
slightly elongated spots, which is the result of localized plastic deformation. Fig. 9e shows isolated spot pattern indicating 
only one grain within the diffraction area of 200 nm in diameter. In brief, the result of Fig. 9 shows that the 
microstructure underneath the fracture surface in the FiE region does not undergo grain refinement, which may be related 
to insufficient pressing during cycling because of the relatively faster crack growth rate in the FiE region. 
Fig. 10 illustrates the microstructural features of sample B5 (also cut from FiE region), similar to the results shown in Fig. 
9. There is no evidence of microstructure refinement in spite of the high maximum stress (σmax), suggesting that plastic 
deformation ahead of crack tip cannot cause the formation of nanograins. 
 
 
CONCLUSIONS 
 
n this paper, a series of profile samples from two high-strength steels were prepared by FIB in CIR and FiE regions 
of failed specimens subjected to rotary bending and ultrasonic axial cycling up to VHCF regime with various stress 
ratios. Then such samples were observed by TEM with SAD detection. Based on the experimental investigations, the 
following conclusions were obtained: 
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Figure 9: Microstructural feature of sample A2 (RB, R = ‒1, σa = 750 MPa, Nf = 5.08╳107), (a) SEM image showing sampling location 
(quadrate rabbet); (b) BFI; (c) DFI of dashed green box in (b); (d,e) SAD patterns of the left and right dashed yellow circles in (b). 
 
  
Figure 10: Microstructural feature of sample B5 (UL, R = 0.3, σa = 430 MPa, Nf = 8.70╳108), (a) SEM image showing sampling 
location (quadrate rabbet); (b) BFI; (c) DFI of dashed green box in (b); (d,e) SAD patterns of the left and right dashed circles in (b). 
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(1) The NCP process dominates the formation of nanograin layer in CIR underneath FGA surface. Large compressive 
stress with sufficient pressing results in the formation of nanograins and consequently the nanograin layer. 
(2) The plastic deformation at crack tip can only cause certain extent of deformation in microstructure of high-strength 
steels, but is insufficient to produce nanograins. 
(3) There is no microstructure refinement in the FiE region no matter the sample was in the cases of negative or positive 
stress ratios, which may be due to the lack of crack surface contacting during cycling in the FiE region. 
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